A non-destructive magnetic Barkhausen emission (MBE) technique was applied to assess thermal degradation of 2.25Cr-1Mo steel, exposed to 630 C for up to 4800 h. The peak position and the peak amplitude in MBE profile decreased and increased, respectively, as a linear function of cube root of isothermal degradation time. These changes in MBE profile were related to the carbides coarsening during thermal exposure. An empirical correlation between the ultimate tensile strength (UTS) and the peak position in the MBE profile was also obtained by a linear regression analysis.
Introduction
2.25Cr-1Mo steel has been widely used for structural applications at high temperature in fossil plants and petroleum chemical facilities. There have been extensive studies on the microstructural and mechanical characterizations of 2.25Cr-1Mo steel degraded at elevated temperatures. [1] [2] [3] [4] [5] For in-situ damage monitoring of structural steel components used at elevated temperatures, several non-destructive evaluation (NDE) techniques such as electrical resistivity, ultrasonic wave, and magnetic Barkhausen emission (MBE) method [6] [7] [8] [9] [10] [11] [12] have been applied. MBE, which is induced by rapid change in magnetic flux due to discontinuous movement of domain walls, has been considered for a NDE technique owing to its measurement convenience and high sensitivity to microstructural changes. 13) Yamaura et al. 7) investigated the effect of grain size on MBE in ultra low carbon steel. Nakai et al. 8) reported MBE characteristics in medium carbon steel in which large amount of carbides plays a more dominant role than grain boundaries in determining the magnetic properties. Although there were some reports on the usefulness of MBE for evaluation of thermal degradation, 6) microstructures, [7] [8] [9] [10] [11] and residual stress 12) of steel, there is a lack of quantitative correlation of MBE with microstructural change and strength reduction from thermal exposure. In this investigation, empirical relations of MBE profile parameters (i.e., peak position and peak amplitude) to the mean size of carbides and tensile strength are established for non-destructive assessment of isothermal degradation in 2.25Cr-1Mo steel.
Experimental
The chemical composition of the ferritic 2.25Cr-1Mo steel (ASTM A387-22-CL2) used in this investigation is Fe: bal., C: 0.138, Cr: 2.27, Mo: 0.97, Si: 0.142, Ni: 0.17, Mn: 0.46, Al: 0.007, P: 0.014 and S: 0.004 in mass%. A plate of 2.25Cr-1Mo steel with an average grain size of 20 mm was supplied after tempering at 720
C for 1 h following normalizing at 900 C. An accelerated isothermal degradation heat treatment 5) was performed at 630 C for up to 4800 h. The mean size of carbides was measured for about 500 carbides on the field emission scanning electron micrographs by using image analyzer. The equivalent size of carbides, d E , was calculated using the equation indicated in Fig. 2 under the assumption that the shape of carbides is oval.
14)
The MBE profile measurement system employed in this investigation consists of a yoke-type electromagnet for magnetizing a specimen, a pick-up coil for detecting MBE, a function generator for applying magnetizing current (triangular waveform and an excitation frequency of 0.1 Hz), and an oscilloscope for data acquisition. The driving current of AE1 A was applied for magnetizing a rectangular specimen (2 Â 2 Â 16 mm). MBE signal is detected by an inductive pick-up coil with 400 turns wound around a ferrite core. Detected MBE signal was band pass-filtered between the frequency range of 100 Hz and 100 kHz following signal amplification to a gain of 36 dB. After rectifying band passfiltered signal, averaged MBE profile over 100 measurements was acquired for a magnetization cycle (i.e., both increasing and decreasing magnetizing current) using digital storage oscilloscope. Under this low magnetizing frequency, the electromagnetic skin depth 10, 11) is calculated to be as deep as about 6 mm, which ensures the probed MBE signal to reflect volume-averaged information. Figure 1 presents the field emission scanning electron micrographs showing the typical coarsening of carbides after thermal exposure to 630 C. As a result of carbide coarsening, the number of carbides decreased, and accordingly, the intercarbide spacing increased with thermal exposure. Additional micrographs as a function of thermal exposure time are available in Refs. 1) and 4). No grain growth was observed during the thermal exposure to 630 C for up to 4800 h, as reported in our previous work.
Results and Discussion
2) It was confirmed that the density and structure of dislocations for the thermally exposed specimens were not significantly changed for this ferritic steel. 2, 4) An increase in the mean size of carbides as a linear function of cube root of thermal exposure time is presented in Fig. 2 , and implies that the coarsening rate of carbides obeys Ostwald ripening process. The reduction in ultimate tensile strength (UTS) with thermal exposure shown in Fig. 2 can be attributed to the coarsening of carbides due to thermal exposure and the depletion of solution hardening elements. 1) Typical MBE profiles of the as-received and thermally degraded specimens are shown in Fig. 3 . There was a shift in peak position (P PEAK ) toward low magnetizing current, and an increase in peak amplitude (I PEAK ) with thermal degradation. These differences in MBE profiles can be attributed to the microstructural degradation during thermal exposure. A linear decrease and an increase of P PEAK and I PEAK , respectively, as a function of cube root of thermal degradation time is shown in Fig. 4 . P PEAK and I PEAK were defined as average values for both profiles obtained by increasing and decreasing magnetization current shown in Fig. 3 .
The peak emission in MBE profile can occur approximately at two points in a magnetic hysteresis where the differential permeability is at maximum (i.e., coercivity). 12) Similar to the change in coercivity, P PEAK is expected to decrease when the number of pinning sites of magnetic domain wall such as grain boundaries, carbides, and dislocation decrease. In our previous reports on microstructural characterization of these specimens, 1,2) major microstructural changes due to isothermal exposure to 630 C were revealed to be the depletion of solid solution atoms from the matrix, and the carbide-related changes such as coarsening, spheroidization and precipitation of stable carbides. Considering that the solute atoms are not effective in pinning magnetic domains, 15 ) the evolution of P PEAK shown in Fig. 4 can be explained in terms of carbides. The decrease in P PEAK with thermal exposure is believed to result from a decrease in number of carbides (i.e., pinning sites of magnetic domain wall) due to carbide coarsening. 
where, the units of UTS and P PEAK are MPa and A, respectively. The correlation coefficient, R, is 0.86 for the linear regression presented in Fig. 5 . The favorable linear relations shown in Fig. 5 suggest that the thermal degradation of 2.25Cr-1Mo steel can be assessed non-destructively by monitoring peak position in MBE profile, instead of timeconsuming destructive techniques such as electron microscopy and mechanical testing. The magnitude of I PEAK increased consistently with thermal degradation time as shown in Fig. 4 . Amplitude of MBE profile has been reported to increase with increasing mean free path of domain wall displacement, which is strongly influenced by microstructural states. 10) An increase in I PEAK with thermal exposure in this material can be attributed to an increased inter-carbide spacing following carbide coarsening. With an increase in inter-carbide spacing, the magnetic domain wall can move a relatively large distance without being hindered, and lead to a large magnetic flux change inducing high MBE amplitude.
Summaries
Empirical correlations among MBE profile parameters, mean size of carbide, and tensile strength of 2.25Cr-1Mo steel were reported as a function of thermal degradation at 630 C for up to 4800 h. As thermal exposure time increased, the peak position shifted towards lower magnetizing current, and the amplitude of MBE profile increased. Linear correlations of peak position in MBE profile with mean size of carbide and tensile strength were proposed. Based on the consistent and linear change of MBE profile parameters as a function of thermal degradation, MBE profile as a nondestructive evaluation technique for health monitoring of thermally degraded 2.25Cr-1Mo steel was advocated. Correlation of Magnetic Barkhausen Emission Profile with Strength of Thermally Degraded 2.25Chromium-1Molybdenum Steel
